In the province of Almeria, the most important in Spain for protected horticulture, there are approximately 26,000 ha of "parral" greenhouses (Sanjuan, 2000). One of the main problems in this greenhouse type is the lack of natural ventilation which can be explained by different factors being the insufficient ventilator area one of them. The aim of this paper is to evaluate the effect of ventilator size on the air exchange rates of two 5 and 10 spans parral multispan greenhouses using CFD. The two most common types of roof ventilators in the parral greenhouse (rolling vents and flap vents) have been evaluated. A two dimensional model of the greenhouse was generated. In a previous step, CFD simulations were validated with tracer gas experimental data measured in the experimental greenhouse. A clear influence on the air exchanges was observed when the width of the openings was increased. Flap vents with increased size proved to be more efficient than rolling vents and provided ventilation rates for middle wind velocities which were close to those proposed as optimal in the literature.
INTRODUCTION
Greenhouse horticultural production is characterized in many mild winter climate areas of the world by the use of low cost structures which protect the crops from the rain and the wind and act as solar collectors in winter. This is the case of the "parral" greenhouse, an empirically developed structure, which covers nowadays wide areas of the southeast of Spain and spreads its influence in other parts of the world (North Africa, South America, etc). A detailed description of this greenhouse type can be found on Pérez-Parra et al. (2004a) .
In many Mediterranean areas, greenhouse growing cycles start at the end of the summer and finish at the end of the spring of the following year, such is the case in the province of Almería. During most of the growing season, the most important problem the growers have to face is to control the high air and canopy temperatures that may occur during the day. If the crop is well developed (high LAI) and well irrigated, plant transpiration is the most important dissipating mechanism that determines the thermal environment of the vegetation (Fuchs, 1993) . Natural ventilation is necessary to evacuate part of the excess of sensible heat, and to enhance plant transpiration. In fact, natural ventilation through the combined action of wind and buoyancy is the most common method to cool the greenhouse in most of the Mediterranean countries (Baille, 2004) together with the whitening of the plastic cover to decrease solar radiation transmission and thus the greenhouse heat gain (Baille et al., 2001) . Natural ventilation in "parral" greenhouses is, generally insufficient, and there are three main reasons to explain it: (a) low ventilator area (Pérez-Parra, 2002) (b) inefficient vent designs or bad distribution of the vents (Baille, 2004) (c) general use of low porosity anti-insect screens on the greenhouse vents. Until very recently, the majority of the "parral" greenhouses were equipped with a limited number of roof rolling vents. According to Pérez-Parra et al. (2004) , windward flap vents can provide four times more air exchange rate than rolling vents per unit vent area, but flap vents are normally built with an area three times smaller than rolling vents. The reason for this is that vents are, usually, manually managed and growers fear the damage that a sudden strong wind can cause in the greenhouse with larger flap vents. In addition, the loss of air exchange rate caused by the substitution of anti-aphid insect-proof nets with lower porosity screens (anti-thrip) is normally not compensated by the grower.
Recently, many works have used Computational Fluid Dynamics to study natural ventilation (both wind and buoyancy driven) in different types of greenhouses, as summarized by Reichrath and Davies (2002) . CFD can be used as a reliable and economic tool to improve the design of natural ventilation systems in greenhouses and "parral" greenhouse is not an exception. Different recent works have used CFD to study natural ventilation in "parral" greenhouses focusing on the validation of the simulations with full scale or laboratory measurements (Baeza et al., 2003 , Pérez-Parra et al., 2004b . The aim of this work is to use CFD simulations to study the effect of the size of the flap vents and their arrangement on the greenhouse roof on the ventilation performance (air exchange rates and air flow distribution inside the greenhouse) of two 5 and 10 spans "parral" greenhouses.
EXPERIMENTAL SET UP
The experimental greenhouse that was used in the first set of simulations is a 5 spans "parral" greenhouse, oriented N-S. A full description of the experimental greenhouse can be found at Pérez-Parra et al. (2004a) . In previous works, CFD has proved to be a quantitatively and qualitatively accurate tool to simulate wind driven natural ventilation in this greenhouse both in two dimensions (Baeza et al., 2003 , Pérez-Parra et al., 2004b and three dimensions (Campen and Bot, 2003) .
The CFD code Fluent v. 6.1 (Fluent Inc.) was used to perform the simulations. A two dimensional longitudinal section of the experimental greenhouse was modelled in the pre-processor, included within a larger computational domain (length: 532m, height: 44 m). The size of the flap vents was modified by decreasing or increasing the width of the both the flaps and the holes in the cover in each one of the five roof vents, in relation to the standard dimensions of this vent type (flap width: 0.8 m). Therefore, widths of 0.4 m, 0.8 m, 1 m, 1.3, 1.6 and 1.9 m were simulated for wind velocities ranging between 2-6 m s -1 . Vents were fully opened with an angle of 67º in relation to the span. A pave scheme grid was created with a cell size of 0.2 m inside the greenhouse and 0.4 m in the rest of the computational domain, with an increased number of cells in those areas of expected higher gradients of the coupled pressure-velocity values (near the walls and the roof vents). A uniform wind velocity profile was set at the left boundary of the domain, setting the leeward boundary as a pressure outlet. The upper boundary was imposed a symmetry condition. Only windward ventilation was evaluated. To cope with the turbulence nature of the air flow, the simple two equations k-ε turbulence model with standard treatment in the walls was chosen for the simulations. Amongst the different turbulent models, the standard k-ε model is by far the most widely used to study natural ventilation processes in buildings (including greenhouses). Ventilation rates were calculated assuming a uniform behaviour of the velocity vector in the different vents along their whole length: 8.35 m (extension to three dimensions). This hypothesis has been proved to be accurate from a quantitative point of view in previous works (Baeza et al., 2003 , Pérez-Parra et al., 2004b .
Two simulations were performed for the 0.8 m and 1.6 m wide flap vents models in which energy equation was activated to study the effect of the increased size of the vents on the temperature field inside the greenhouse. Fluid properties were set as follows: the ideal gas law approach was chosen with an operating temperature of 303 K. Temperature of the greenhouse floor was set at 330 K and the greenhouse walls at a temperature of 340 K. Physical properties (density, specific heat and heat conduction coefficient) of polyethylene and moist sand were activated for the greenhouse floor and greenhouse wall boundaries respectively. Both simulations were performed for a wind velocity of 3 m s -1 .
A new model of the same greenhouse, but with double number of spans (10 spans) was created to study the combined effect of higher vent size and distribution of the vents on the roof on ventilation rates. The first configuration (model 7) included one flap vent of standard size per span, all of them facing the wind. According to Pérez Parra et al. (2004b) the first windward vent is responsible for the total inlet flow entering the greenhouse from moderate wind velocities, therefore, an eighth model (model 8) was created that included two standard windward flap vents on the first two spans and another two standard leeward flap vents on the last two spans whereas the rest of the vents remained closed. The same distribution was maintained on a ninth model (model 9), this time being the four flap vents larger than in the second model (1.3 m). A tenth model (model 10) was created which had the same configuration as the third model on the four extreme spans but this time each one of the middle spans had a windward rolling vent fully opened. For all the above mentioned models, the computational domain was 1064 m long (5 times the length of the greenhouse windward and 8 times the length of the greenhouse leeward) and 44 m high (10 times the greenhouse ridge height). The grid was generated using the same scheme and the same cell size used in the 5 spans model inside the greenhouse (0.2 m) and larger cells outside (0.67 m). Figure 1 shows the ventilation rates Q (m 3 s -1 ) estimated for the six CFD models of the 5 spans greenhouse (each one with a different size of the flap vents) for a range of wind velocities (u) comprised between 2 and 6 m s -1 . For every simulation, the mass conservation equation was checked (inflow=outflow) and therefore ventilation rates (m 3 s -1 ) were calculated (imposed average air density of 1.225 kg m -3 ). Figure 1 also includes values generated from the model obtained from full scale tracer gas measurements that can be found on Pérez-Parra et al. (2004a) . For each one of the models, ventilation rates have been related to the wind velocity fitting the values with a linear regression. The regression equations for each model and the regression coefficient (R 2 ) have been included in Table 1 . A clear increase in the ventilation rate values is observed as the vent size increases. For an average wind velocity of 4 m s -a very common value occurring in the area of Almería during the daytime, only when the vent width is 1.3 m or larger, the ventilation rates are above 20 m 3 s -1 (≈20 air changes per hour for this greenhouse). For this greenhouse, and this vent configuration (one vent per span fully opened and windward wind) it is possible to find and expression (Eq. 1) that enables the calculation of the ventilation rate for different wind velocities and different size of the vents. A second degree polynomial regression can be established between the vent width (h) and the slope (m) of the linear regressions of the six models included in Table 1 Changing the size of the vents also has effects on the air distribution on the greenhouse, as can be observed in Figures 2 to 7 . This figures show the air velocity contours inside the different greenhouse models for air velocities below 0.5 m/s, for a wind velocity of 5 m/s. The black areas are zones with air velocities above 0.5 m/s with better ventilation. In general, as the vent size increases the air movement improves in the upper part of the greenhouse (near the vents), whereas the lower part of the greenhouse (crop area) is in general less efficiently ventilated. This suggests the convenience of using a device (i.e. deflector) to direct the flow towards the crop area to enhance air movement trough the crop. Only a small area below the first two spans remains properly ventilated in all the models. Model 2, the one with standard size of flap vents, is characterized by the almost null air movement in the last three spans. As the vent size increases, spans number three and four become more efficiently ventilated although the last span has virtually no air movement in all the studied models. This can also be observed in Table 2 , which shows average air velocities of 2 m high profiles at different distances from the windward side wall for a wind velocity of 5 m/s. Figures 8 and 9 show the longitudinal temperature gradient (k) and air velocity (m s -1 ) profiles respectively at a height of 1 m over the greenhouse floor obtained from the simulations in which energy equation was activated for models 2 and 5 (flap widths: 0.8 and 1.6 m respectively). From Figure 7 , it can be deduced that increasing the size of the flap has a clear quantitative effect on the temperature field of the greenhouse whereas it doesn't seem to have a qualitative effect as the two profiles are almost parallel on the graph. The last span is the area which has the strongest temperature gradient in the greenhouse in both models. In model 2, temperature gradients are double of those in model 5 along the whole length of the greenhouse, and reach a maximum value of 10.9 K whereas in model 5, the maximum temperature gradient is only 5.9 (K). There is not a clear coincidence between the areas in which air velocity is lower and those where temperature jump is higher. On the other hand, in both models, lower air velocity values occur in those areas in which temperature gradients are around their lowest values. This shows the complexity in the prediction of the climate conditions inside the greenhouse. Knowing which areas have less air movement does not necessarily mean those areas will be the warmer spots inside the greenhouse. Figure 10 shows ventilation rates obtained for models 7-10 for wind velocities ranging between 2-6 m s -1 . Model 8 provides the lowest ventilation rates, although the differences with model 7, in which all the spans have a flap windward vent, are not very high, as vents on the central spans are not contributing largely to the overall air exchange. This is confirmed in model 9, which provides slightly higher ventilation rates than model 7 with the same vent distribution of model 8 but with increased vent size. However, opening rolling vents on the central spans has a strong effect on the air exchange, as can be observed in model 10, which provides by far the highest ventilation rates of the four studied models. Model 10 shows how flap and rolling vents (whose price is lower than the price of flap vents) can be combined to provide cheap and effective vent configurations that ensure good levels of air exchange in the greenhouse. It is important to determine in future works, for longer greenhouses (more than 10 spans), whether it is necessary or not to implement again flap vents on the central spans that act as "wind catchers", thus enhancing air movement along the whole length of the greenhouse.
RESULTS AND DISCUSSION

CONCLUSIONS
According to the CFD simulations, increasing the width of the flap vents has a positive effect on the ventilation performance of the "parral" type greenhouse. Ventilation rates become higher as the open area becomes larger, with the wind velocity having a stronger effect on air exchanges also with larger open areas. Besides, air movement inside the greenhouse, especially in the crop area, is enhanced when vents are larger, and the temperature field is also affected, reducing the gradient in relation to the exterior and the number and size of stagnant air (warm spots) areas.
For the 10 spans models, in absence of side vents, when the first and the last two spans have windward vents of increased size, the ventilation rate values become larger in relation to the standard configuration (standard size of the flap and one vent per span, all of them in the same side of the bay), specially when combined with rolling vents on the rest of the spans.
Further CFD research work is necessary to continue studying other design aspects of "parral" greenhouse and how to improve them to increase the efficiency of ventilation processes, especially when considering the big effect that anti-insect screens have on them. Tables   Table 1. Regression equations (ventilation rate vs wind velocity) for the six different CFD models. 
